Abstract Oxozirconium clusters bearing methacrylate moiety (ZrMe) were synthesized by sol-gel process and used in epoxy networks to develop epoxy-based nanocomposites with potential application as encapsulant for light-emitting diode. Diglycidyl ether of bisphenol A-based epoxy resin was previously functionalized with acrylic acid to introduce some vinyl groups in the matrix and improve its interaction with the oxocluster. The ZrMe particles were previously dispersed in the epoxy matrix or in the 4-methyl-tetrahydrophthalic anhydride used as hardener, and the systems were cured with anhydride or with a combination of anhydride and benzoyl peroxide. The last compound promotes the covalent bond between the epoxy matrix and the ZrMe through free radical reactions between the vinyl groups. The dispersion of ZrMe into the epoxy matrix resulted in a significant increase in viscosity, mainly for systems dispersed with a combination of high shear mechanical mixing and ultrasonification. The dispersion of ZrMe into the anhydride resulted in nanocomposites with higher transparency, better dispersion of the oxocluster into the matrix bulk, as observed by transmission electron microscopy, and higher thermal conductivity, mainly for systems cured with anhydride and peroxide. The use of anhydride in combination with BPO also resulted in significant increase in glass transition temperature.
Introduction
Epoxy resins are one of the most commonly used engineering thermosets because of their good mechanical performance, thermal stability, chemical resistance, and adhesion properties [1] . The incorporation of inorganic particles into the epoxy resins has attracted significant interest as a way to achieve a synergetic combination of typical properties of each component. However, the distribution of such particles in the polymer matrix is a key parameter which can be solved by developing new organic-inorganic hybrid materials constituted by inorganic core surrounded by organic segments with appropriated functional groups able to provide better compatibilization with the organic polymer matrix [2] [3] [4] [5] . The success of this field is mainly assigned to the possibility of preparing inorganic structures by using the soft chemistry approach, also known as ''chimie douce,'' such as the sol-gel processing [6] . Among several inorganic particles used to modify epoxy systems, zirconia appears as a very promising inorganic component to impart some specific characteristics such as, high refractive index, large optical band gap, and low optical loss [7] . These properties associated with high transparency are very important for encapsulating light-emitting diodes (LEDs), because they are able to reduce the refractive index mismatch between the LED dies and air [8, 9] . Different approaches have been reported for the development of epoxy/zirconia hybrid materials. Medina et al. [10] used commercial zirconium dioxide (ZrO 2 ) nanoparticles in epoxy matrix cured with cyclic aliphatic amine and found an improvement of modulus. However, the particles form aggregates resulting in opaque materials. Sajjad et al. [11] prepared ZrO 2 nanoparticles through hydrothermal conditions and modified them with functionalized diethylene glycol to increase the compatibility with epoxy matrix. The authors obtained homogeneous and transparent materials with the addition of 2.34 vol% of ZrO 2 . Bondioli et al. [12] prepared sub-micron spherical zirconia particles by sol-gel process and used as reinforcing agents for epoxy networks, obtaining an increase of Young modulus. Such particles also improved the adhesion properties of epoxy-based adhesives but the resulting hybrid materials are opaque, indicating a strong tendency for particle aggregation [13] . To avoid the particle aggregation phenomenon, some authors performed the in situ generation of ZrO 2 in the presence of epoxy matrix through the sol-gel procedure. Ochi et al. [14] [15] [16] and Bondioli et al. [17] employed this strategy to prepare homogeneous epoxy/zirconia hybrid materials. The sol-gel process of the alkoxide zirconium inside the epoxy matrix was performed in the presence of acetic acid [14, 15] , hexahydrophthalic anhydride [16] or acetyl acetone [17] to control the hydrolysis/ condensation reactions. Epoxy/ZrO 2 nanocomposite was also reported by Chung et al. [18] using silane-modified ZrO 2 fillers. The zirconia particles were previously prepared by the precipitation of zirconyl chloride using methacrylic acid and triethanolamine as chelating agents. The particles were modified with functionalized silanes to improve the compatibilization with the epoxy matrix. Such materials were tested as encapsulants for different types of LED packages. ZrO 2 /epoxy nanocomposites with high transparency and high refractive index for LED encapsulation were recently developed by Tao et al. [9] . In order to improve the interaction between the inorganic phase and the epoxy matrix, the authors synthesized ZrO 2 particles using benzyl alcohol as the chelating agent to decrease the reactivity of the zirconium alkoxide toward the sol-gel reaction, followed by a treatment of the particles with (3-glyciloxypropyl) trimethylsilane. The nanocomposite obtained by this process displayed high transparency and an increase of the refractive index.
Oxozirconium clusters bearing (meth)acrylate groups have been prepared by Schubert et al. [19, 20] , through the sol-gel process involving the hydrolysis/condensation of tetraalkoxyzirconium in the presence of excess of (meth) acrylic acid. These carboxylic acids act as bidentate ligands, decreasing the reactivity of the sol-gel process. Additionally, they are able to control the size of the primary clusters and introduce functionalized/polymerizable groups at the cluster surface.
The present paper describes for the first time the preparation of epoxy/zirconia hybrid networks using methacrylate-substituted oxozirconium cluster aiming to develop new transparent materials to be employed as encapsulating materials for LEDs as well as other electro-electronic applications. The motivation of using this functionalized oxozirconium cluster in epoxy systems was based on the well-known affinity of methyl methacrylate and its polymer with epoxy resin. Therefore, the methacrylate moiety located at the surface of the zirconium oxocluster can act as a compatibilizer between the inorganic component and the epoxy matrix. In order to increase the interaction between the components, epoxy matrix was previously functionalized with acrylic acid. Benzoyl peroxide (BPO) was also employed to perform the covalent bond between the functionalized cluster and epoxy resin through free radical addition.
Experimental

Materials
Diglycidyl ether of bisphenol A (DGEBA) (ER)-based epoxy pre-polymer (EPON 828) (epoxy equivalent weight = 188-192; viscosity = 110-150 P; molar mass & 377; hydroxyl groups & 0.05 mol/100 g) was purchased from Shell Chemicals do Brasil. 4-Methyl-tetrahydrophthalic anhydride (MTHPA) (Aradure HY2123) was supplied by Huntsmann. Both epoxy pre-polymer and anhydride were dried under reduced pressure at 80°C for about 4 h, before using. Methacrylic acid from Lucite TM , triphenylphosphine and acrylic acid (Merck), zirconium n-propoxide in a 70 % solution in n-propanol (Tyzon NPZ) from Dupont, and BPO from SigmaAldrich were employed without purification.
Synthesis of zirconium-methacrylate oxocluster
Zirconium-methacrylate oxocluster (ZrMe) used in this work was synthesized according to the procedure described in the literature [21] . In a typical procedure, 0.05 mol of zirconium n-propoxide in a 70 % solution in n-propanol was mixed with 0.35 mol of methacrylic acid under nitrogen atmosphere. The mixture was stored under nitrogen at room temperature for 1 week. The precipitated crystals were filtered and dried at 60°C for 24 h.
Functionalization of epoxy pre-polymer with acrylic acid (ER-AA) Epoxy pre-polymer was functionalized with acrylic acid to improve its compatibility with the ZrMe oxoclusters. The reaction was performed by stirring ER with 1 wt% (2.64 mol%) of acrylic acid (related to the amount of ER) and 0.1 % of triphenylphosphine as the catalyst, at 80°C for 1 h under nitrogen atmosphere. After the reaction, the non-reacted acrylic acid was removed under reduced pressure at 100°C for 24 h. The functionalization of ER, according to the scheme illustrated in Fig. 1 , was confirmed by the appearance of an absorption band in the Fourier transform infrared (FTIR) spectrum at 1730 cm -1 , assigned to the carbonyl stretching vibration of the acrylate moiety.
Preparation of the ER-AA/ZrMe cluster dispersion and curing process ZrMe oxocluster was dispersed in the functionalized DGEBA (ER-AA) matrix or in the anhydride used as the hardener. For the ER-AA/ZrMe dispersions, pre-established amount of ZrMe was dissolved in a small amount of acetone. Then, the ER-AA was added and the system was dispersed using different procedures as summarized in Table 1 . After the dispersion, the acetone was removed under reduced pressure at 70°C, and a stoichiometric amount of anhydride was added and gently mixed to avoid bubbles. In another curing system, BPO (1 wt% related to the oxocluster) was also added in some mixtures in this step to impart the reaction between the double bonds of the oxocluster and the modified epoxy resin. The system was degassed under reduced pressure, casted into silicone molds, and submitted to the curing process using the following protocol: 3 h at 80°C, 2 h at 110°C, and 1 h at 130°C.
The dispersion of ZrMe in the anhydride was performed without the addition of acetone using the methodology described in Table 1 (method IV). After the dispersion, the ER-AA was added and the system was degassed under reduced pressure, casted into silicone molds, and cured under the same conditions as previously described. For systems containing BPO, it was added immediately after the addition of the ER-AA.
Characterization
Fourier transformed Infrared spectrum (FTIR) of the zirconium oxocluster was recorded from KBr on a Nicolet iS50 spectrometer in a transmission mode (32 scans, resolution of 4 cm
), in the wavelength range from 4000 to 500 cm -1 .
Thermogravimetric analysis of the zirconium-based oxocluster was performed on a Q50 thermobalance from TA Instruments Inc. The samples were heated from 30 to 750°C, at a heating rate of 10°C/min, under nitrogen flow.
The rheology of the dispersions was carried out using a Physica MRC302 rheometer from Anton Paar, disposed with parallel-plates with 20 mm diameter and a gap of 500 lm at 25°C.
Dynamic mechanical analyzer (Q-800, TA Scientific) was used for measuring dynamic mechanical properties of cured epoxy networks at a fixed frequency of 1 Hz with a heating rate of 3°C/min. A single cantilever clamp was used.
Transmission electron microscopy (TEM) was carried out at the Technical Center of Microstructures (University of Lyon) on a Phillips CM 120 microscope operating at 80 kV to characterize the distribution of nanoparticles in the epoxy matrix. The samples were cut using an ultramicrotome equipped with a diamond knife, to obtain 60-nm-thick ultrathin sections. Then, the sections were set on copper grids.
The optical transparency was obtained using a VarianCary 100 UV-visible spectrometer in the range of 400-800 nm. The epoxy or the corresponding ER-AA/ ZrMe was blended with the curing agent and applied onto microscope glasses by roll-coating (film thickness of about 80 lm). Then, the samples were cured using the same curing protocol as described before.
The thermal conductivity was performed on a Nano Flash LFA 447 from Netzsch which measures the thermal diffusivity (a [mm 2 /s]). Heat pulses irradiate from a Xenonium lamp on the front side of sample (dimension = 13 9 13 9 0.5 mm), and the heat transmitted is measured by an infrared camera. The equipment operates in the range of 0.001-10 cm 2 /s. The thermal conductivity (W/(m K) is determined from the Eq. 1:
where k is the thermal conductivity, a is the thermal diffusivity (m 2 /s), q is the density (kg/m 3 ), and c p is the specific heat (J/(kg K)), which was determined from differential scanning calorimetry measurements. The density was considered as that of pure epoxy network (q = 1.2 kg/ m 3 ) since low amount of ZrMe was employed in these systems. The refractive index was determined with an m-line apparatus (Metricon mod. 2010) based on the prism coupling technique with a He-Ne laser operating at 543.5 nm.
Results and discussion
Characterization of the zirconium-methacrylate oxocluster (ZrMe)
The ZrMe oxocluster was characterized by FTIR and TGA, whose results are illustrated in Fig. 2 (left and right, respectively). The TGA curve presents two well-defined degradation steps: the first one in the temperature range 100-200°C may be ascribed to the degradation of physically adsorbed methacrylic acid, as also suggested by Trimmel et al. [21] . The second step in the range of 200-600°C is attributed to the complete decomposition of the methacrylate complex [9, 21] . Similar profile was reported by Trimmel et al. [21] for the degradation of Zr 4 O 2 (OMc) 12 , confirming the presence of the ZrMe oxocluster. The weight loss between 200 and 600°C corresponds to around 34 wt% of methyl methacrylate moiety, which is in agreement with that result reported by Trimmel et al. [21] .
The presence of methacrylate as the organic moiety in the hybrid was confirmed by FTIR. The broad absorption at around 3400 cm -1 (peak a) is related to the OH stretching vibration. The intense peaks at 1555 cm -1 (peak b) and 1422 cm -1 (peak c) correspond to asymmetric and symmetric vibration of the carboxylate ligand of the methacrylate moiety, respectively. These absorptions confirm the formation of chemical bond between the carboxylate groups of methacrylic acid and the Zr-OH site at the ZrO 2 surface as a bidentate ligand [14, 22, 23] . Also the bands at 1637 cm -1 , (peak d) assigned to the C=C stretching vibration, 940 cm -1 (peak e) attributed to the Zr-OC stretching vibrations and at 660 cm -1 (peak f), ascribed to the Zr-O bending vibration, confirm the structure of the hybrid in the form of cluster of methacrylate linked to the zirconium core particles.
Influence of the dispersion procedure on the main properties of ER-AA/ZrMe nanocomposites Rheological properties of the ER-AA/zirconiummethacrylate oxocluster dispersions
The dependence of the complex viscosity with the shear rate for the ER-AA/ZrMe oxocluster dispersions containing Table 1 ) is presented in Fig. 3 . The presence of ZrMe resulted in a significant increase in viscosity, related to the pure ER-AA matrix, and the highest viscosity response was observed for the dispersion prepared by method III (which combines high shear mechanical mixing and ultrasound tip). This is an indication of better interaction between the ZrMe oxocluster and the ER-AA matrix due to the increase of the interfacial area promoted by the better dispersion and consequently a decrease of the particle size.
To better analyze the rheological behavior of the dispersions, the data were fitted to the Ostwald-de Waele power law equation:
where K is the flow consistency index and n is the flow behavior index. Figure 4 illustrates the dependence of the shear stress with shear rate. The experimental data were well fitted to the theoretical model, making possible the calculation of the main rheological parameters, whose values are summarized in Table 2 . The index n is related with the pseudoplasticity of the dispersion. The epoxy matrix presents n value close to the Newtonian behavior. The ER-AA/ZrMe dispersions prepared by the methods I and II present slight deviation from the Newtonian behavior, presenting n values of 0.96 and 0.98, respectively. On the other hand, the dispersion prepared by method III resulted in lower n value, suggesting a shear-thinning behavior in larger extent, that is, a decrease in viscosity with increasing the shear rate. This phenomenon, also observed in Fig. 3 , occurs at higher shear rate and is generally explained by rotation and alignment effects of the nanoparticles induced by the shear flow field [24] . Such shear-thinning characteristic is commonly observed in well-dispersed systems because the nanoparticles require lower energy to rotate and align toward the shear direction [25, 26] .
Influence of the dispersion procedure on the viscoelastic properties of ER-AA/ZrMe nanocomposites
The effect of the dispersion method on the dynamic mechanical properties of ER-AA/ZrMe nanocomposites is illustrated in Fig. 5 . For this study, 5 phr of ZrMe was previously dispersed inside the ER-AA matrix and cured with anhydride. All ER-AA/ZrMe nanocomposites display higher storage modulus than pure epoxy network, indicating an improvement of the mechanical strength of the system promoted by the ZrMe oxocluster. The nanocomposites whose ZrMe was previously dispersed by method III display the highest modulus, highlighting the importance of the oxocluster dispersion on the reinforcement of the epoxy matrix by the ZrMe oxocluster. The presence of the ZrMe resulted in a decrease of the glass transition temperature (a-transition) probably because of the increasing in the free volume at the filler-matrix interface. Additionally, the decrease of the T g may be also related to the mobility of the methacrylate moiety located at the ZrMe oxocluster surface.
Effect of ZrMe content on the main properties of ER-AA/ZrMe nanocomposites
Rheological properties of ER-AA/ZrMe dispersions
The effect of the ZrMe content on the rheological behavior of ER-AA/ZrMe dispersions is illustrated in Fig. 6 , in terms of viscosity and shear stress as a function of the shear rate. For this study, the method III was used for dispersing the ZrMe inside the ER-AA matrix. The modification of ER with acrylic acid does not exert any influence on the rheological properties, indicating that no polymerization or crosslink reaction involving the double bonds of the EE-AA occurred during the functionalization and purification steps. As expected, the viscosity increases with the amount of ZrMe. The ER-AA/ZrMe dispersion containing 1 phr of the ZrMe presents viscosity 100 % higher than the pure ER-AA, indicating an effective interaction between filler and matrix. All compositions present shear-thinning behavior at higher shear rate, which is more significant for system containing 5 phr of ZrMe.
Properties of the cured ER-AA/ZrMe nanocomposites
For the studies related to the cured ER-AA/ZrMe nanocomposites, the ZrMe cluster was previously dispersed in the ER-AA matrix using method III or in the anhydride using method IV.
Morphological behavior All networked materials presented excellent optical transparency, regardless the dispersion method and the curing system. To reveal the structure of these hybrid materials and their distribution in the epoxy matrix, the TEM was employed for samples containing 5 phr of ZrMe oxocluster, whose micrographs are illustrated in Fig. 7 . In spite of excellent optical transparency, the systems prepared by method III (ZrMe previously dispersed in epoxy matrix) present the ZrMe oxoclusters dispersed in the form of elongated flakes with less than 10 nm in diameter and some aggregates. The use of BPO in combination with anhydride imparts better dispersion of these aggregates (Fig. 7b) . The previous dispersion of ZrMe in the anhydride (method IV) resulted in very homogeneous systems. Very few aggregates and some few tubes can be seen in the nanocomposite cured with anhydride ( Fig. 7c ), whereas no visible particle can be observed in the system cured with the anhydride/BPO (Fig. 7d) , suggesting almost miscibility of the oxocluster probably because of the formation of chelates between anhydride and the oxocluster as previously mentioned, and also the formation of covalent bond between the double bonds of the meth(acrylate) moieties located on the ER-AA chain and at the ZrMe oxocluster surface, through free radical reaction, as illustrated in Fig. 8 .
Optical properties Transparency of thin films constitutes important characteristics to determine the applications as LED encapsulating and other opto-electronic devices. Although all hybrid materials are very transparent, this property was quantified by UV-Vis spectroscopy, whose spectra are illustrated in Fig. 9 . The transmittance of all materials stays above 85 %, in the range of 450-800 nm, confirming the excellent optical transparency. The transparency decreases as the amount of ZrMe increases. However, for the same ZrMe content, the ER-AA/ZrMe networks prepared by method IV and cured with the anhydride/BPO system display the highest transparency (97 % with 5 phr of ZrMe oxocluster). This result is in agreement with the TEM observation and confirms the great dispersion of ZrMe when they were previously dispersed in anhydride. The refractive index is also an important property for LED encapsulation applications. Therefore, this technique was also employed for characterizing the epoxy networks containing 5 phr of ZrMe oxocluster and prepared by different procedures, whose results are summarized in Table 3 . All systems present a slight increase of the refractive index by the addition of the ZrMe oxocluster. The difference is not so significant because of the low amount of the zirconium oxide present in the systems. In fact, the amount of ZrO 2 in the ZrMe oxocluster is around 34 wt%, as presented by TGA, and the amount of ZrMe used in the composites corresponds to 5 part related to 100 part of epoxy resin. Considering that the overall composite is formed by 100 phr of epoxy resin, 100 phr of the curing agent (anhydride), and 5 phr of ZrMe, the actual amount of zirconium dioxide in the composites is around 0.90 wt%. This low amount of ZrO 2 explains the low increase of the refractive index in the epoxy-ZrMe hybrid materials. However, the best results have been achieved by method IV (where ZrMe was previously dispersed in the anhydride) due to the better dispersion of the ZrMe by this method, as confirmed by TEM and UV-Vis spectroscopy.
Viscoelasticity of the ER-AA/ZrMe nanocomposites The study related to the effect of the ZrMe content on the main dynamic mechanical properties of the ER-AA/ZrMe nanocomposites was performed with systems whose ZrMe was previously dispersed in the ER-AA (method III) or in the anhydride (method IV). The effect of the curing process, promoted by anhydride or by a combination of anhydride and BPO, was also investigated. Table 4 presents the main dynamic mechanical parameters of the ER-AA/ZrMe nanocomposites. The storage modulus generally increases as the amount of ZrMe increases, confirming the reinforcing effect of the ZrMe oxocluster. In fact, the use of only 1 wt% of ZrMe leads to an increase of around 20 % of the storage modulus and ? 50 % for 5 wt% of ZrMe, regardless the dispersion method and the curing system used. The dispersion medium (ER-AA or anhydride) and the presence of BPO as the second curing agent do not significantly affect the modulus of the nanocomposites, except for the system containing 3 phr of ZrMe and cured with anhydride/BPO, whose oxoclusters were previously dispersed in anhydride. In this case, the modulus value reached value as high as 2600 MPa.
Contrarily to the modulus behavior, the medium where the oxoclusters have been previously dispersed exerts great influence on the glass transition temperature. Indeed, concerning the system prepared by method III and cured with anhydride, the T g decreases as the amount of ZrMe increases. This phenomenon may be explained by the Fig. 8 Scheme for the free radical reaction between ER-AA and ZrMe oxocluster mobility of the methacrylate groups at the surface of the ZrMe oxocluster. Additionally, the presence of free volume at the filler-matrix interface also contributes for the decrease of T g . Systems whose ZrMe particles have been previously dispersed in the anhydride (method IV) generally display higher T g , whose values increase with the ZrMe content. This behavior may be attributed to stronger interfacial adhesion probably through the formation of chelate complex between the carboxyl groups of the hydrolyzed anhydride and the remaining hydroxyl groups of the zirconium oxocluster, similarly to the mechanism proposed in the literature [16] . This phenomenon should decrease the free volume at the interface and also the chain mobility, which contribute for the increase in T g . Systems cured with anhydride and BPO present a significant increase in T g and those prepared by method IV display the highest values for systems containing 1 and 3 phr of ZrMe. These results are explained by the strong filler-matrix interaction through free radical reaction of the vinyl groups located in the epoxy matrix and at the ZrMe oxocluster surface, decreasing the mobility of these methacrylate groups.
Thermal conductivity Thermal conductivity in transparent polymer nanocomposites is also a very important property for LED applications and other electronic devices, since the overheating can decrease their shelf life. The through-plane thermal conductivity of the ER-AA/ZrMe hybrid materials, measured at different temperatures, was compared with that of epoxy network in Fig. 10 . The presence of ZrMe resulted in a significant increase on the thermal conductivity related to the epoxy network. Systems prepared by method III display a slight decrease of the thermal conductivity with the increasing in temperature, whereas the thermal conductivity of systems prepared by method IV (ZrMe previously dispersed in anhydride) is independent on temperature for systems containing 3 and 5 phr of ZrMe. Additionally, these systems presented higher thermal conductivity, whose values increase considerably for systems cured with a combination of anhydride/BPO. At this condition, an increase of around 78 % (0.14-0.25 W/m K) was observed for the system containing 3 phr of ZrMe (which corresponds to 0.75 wt% of ZrO 2 as previously discussed). Similar behavior has been reported by Poostforush and Azizi [27] for crystallized anodic aluminum oxide impregnated with epoxy resin in a proportion of 33 vol% of filler. The excellent results achieved with ER-AA/ZrMe network cured with anhydride/BPO may be attributed to the better dispersion of the oxocluster inside the epoxy matrix, achieved by this procedure, as also observed by TEM. In this sense, the amount of 3 phr of ZrMe should provide a better dispersion. It is important to point out that this sample presented a transparency level close to the pure epoxy. This result is important because it is possible to increase significantly the thermal conductivity of the epoxy without losing the transparency, which is a very important characteristic for the development of several opto-electronic devices.
Conclusion
In this work, a new route to design inorganic-organic hybrids constituted by epoxy resin and methacrylate-zirconium oxoclusters (ZrMe) was described. Moreover, the optical and physical properties of the materials were investigated as a function of the ZrMe content, the medium where the ZrMe particles were previously dispersed and the curing system. For systems where the ZrMe particles were dispersed in the epoxy pre-polymer, the dispersion procedure based on a combination of high shear mechanical mixing and sonication resulted in better dispersion as indicated by the highest viscosity value and the highest storage modulus of the corresponding networked material obtained through dynamic mechanical analysis. Also the medium where the ZrMe particles were dispersed exerted strong influence on the morphology and main properties of corresponding nanocomposites. The ZrMe particles were dispersed as elongated flakes in systems prepared by method III. For systems prepared by method IV, a homogeneous distribution of the ZrMe nanoparticles was observed. For this dispersion procedure, samples cured with anhydride and BPO presented a very homogeneous morphology, and no discernible particle or aggregate could be observed even at higher magnification. This characteristic may be explained by the formation of chelates between the anhydride and the zirconium oxoclusters, which minimize the chance of particle aggregation and also to the action of peroxide, promoting covalent bonds between the epoxy matrix and the ZrMe oxoclusters through free radical addition involving the vinyl groups in both components. In conclusion, the combination of method IV for the previous dispersion of ZrMe and the use of anhydride together with BPO are the key parameters to obtain epoxy-zirconium nanocomposites with high glass transition temperature, high storage modulus, high optical transparency, and excellent thermal conductivity. Thus, these results open new possibilities of these hybrid materials as LED encapsulating materials and in other optoelectronic devices.
